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(54) EFFICIENT METHOD FOR PRODUCING AMBREIN

(57) An object of the present invention is to provide
a method for preparing ambrein, which can easily and
efficiently obtain the ambrein.

The object can be solved by a mutated tetrapre-
nyl-β-curcumene cyclase wherein (1) a 4th amino acid
residue of a DXDD motif, aspartic acid, is substituted with

an amino acid other than aspartic acid, and (2) an amino
acid adjacent to the N-terminus of a (A/S/G)RX(H/N)XXP
motif is substituted with an amino acid other than tyrosine,
or a 4th amino acid of the GXGX(G/A/P) motif is substi-
tuted with an amino acid other than leucine.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a mutated tetraprenyl-β-curcumene cyclase, and a method for a method for
preparing ambrein using the same. According to the present invention, ambrein can be efficiently synthesized by using
squalene or 3-deoxyachilleol A as a substrate

BACKGROUND ART

[0002] Ambergris is a high grade perfume which has been used from around the seventh century, and has been also
used as a Chinese medicinal drug. Ambergris is thought to be produced in sperm whales due to lithification of indigestation
of foods (octopuses, squids, or the like) by gastrointestinal secretions and then excreted. The exact production mech-
anism, however, is unknown. The principal component of ambergris is ambrein, and it is considered that ambrein is
subject to oxidative decomposition by sunlight and oxygen, while the ambergris floats on the ocean’s surface, thereby
producing compounds having a variety of fragrances.
[0003] Although ambrein, the principal component of ambergris, is used as perfume or in pharmaceuticals, it is im-
possible to obtain a large quantity of ambrein is naturally produced. A variety of organic synthesis methods have thus
been proposed.
[0004] For example, as a method of producing (+)-ambrein easily, efficiently and inexpensively. Patent literature 1
discloses a method comprising a step of producing a new sulfonic acid derivative from ambrenolide and coupling with
an optically active γ-cyclogeranyl halide.
[0005] Non-patent literature 1 discloses a method of obtaining ambrein by convergent synthesis using a Julia coupling
reaction between 2-(1R,2R,4aS,8aS)-2-(methoxymethoxy)-2,5,5,8a-tetramethyl decahydronaphthalene-1-yl) acetalde-
hyde synthesized from (6)(5,5,8a-trimethyloctahydro-1H-spiro[naphthalene-2,2’-oxirane]-1 - yl)methanol and 5-((4-((S)-
2,2-dimethyl-6-methylenecyclohexyl)butane-2-yl)sulfonyl)-1-phenyl-1H-tetrazole synthesized from (6)methyl 6-hy-
droxy-2,2-dimethyl cyclohexanecarboxylate.
[0006] However, since conventional organic synthesis methods of ambrein involve many synthesis stages, the reaction
systems are complex, and therefore commercialization thereof has been unsuccessful.
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[0007]

[Patent literature 1] Japanese Unexamined Patent Publication (Kokai) No 10-236996
[Patent literature 2] WO 2015/033746
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[Non-patent literature 1] Tetrahedron Asymmetry, (2006) Vol. 17, pp. 30373rd045
[Non-patent literature 2] Biosci. Biotechnol. Biochem., (1999) Vol. 63, pp. 2189-2198
[Non-patent literature 3] Biosci. Biotechnol. Biochem., (2001) Vol. 65, pp. 2233-2242
[Non-patent literature 4] Biosci. Biotechnol. Biochem., (2002) Vol. 66, pp. 1660-167th0
[Non-patent literature 5] J. Am. Chem. Soc., (2011) Vol. 133, pp. 17540-17543
[Non-patent literature 6] J. Am. Chem. Soc., (2013) Vol. 135, pp. 18335-18338

SUMMARY OF INVENTION

TECHNICAL PROBLEM

[0009] A method in which 3-deoxyachilleol A which is a monocyclic triterpene is obtained from squalene by using a
mutated enzyme (D377C, D377N, Y420H, Y420W, or the like) of a squalene-hopene cyclase is also known (Non-patent
literatures 2-4).
[0010] The present inventors found that ambrein can be produced by reacting a mutated squalene-hopene cyclase
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capable of producing 3-deoxyachilleol A from squalene with squalene to obtain 3-deoxyachilleol A, and further reacting
tetraprenyl-β-curcumene cyclase therewith to produce ambrein (Patent literature 2).
[0011] However, there are a problem that a by-product is formed in the 2nd step reaction, (i.e., the reaction converting
3-deoxyachilleol A to ambrein), and a problem of difficulty in scaling up.
Further, the method disclosed in Patent literature 2 is a multi-step reaction. Furthermore, there is also room for improve-
ment in yield.
[0012] Accordingly, the object of the present invention is to provide an ambrein-preparation method capable of easily
and efficiently obtaining ambrein.

SOLUTION TO PROBLEM

[0013] The present inventors conducted intensive studies into a method for easily preparing ambrein, and as a result,
surprisingly found that a mutated tetraprenyl-β-curcumene cyclase having a few specific mutations has an activity to
produce ambrein from squalene. In addition to the above mutations, the present inventors have found that a mutated
tetraprenyl-β-curcumene cyclase having a further mutation has an activity of more efficiently producing ambrain from
squalene. Further, the present inventors have found that a mutated tetraprenyl-β-curcumene cyclase with a specific
mutation has the activity of efficiently producing ambrain from 3-deoxyachilleol A.
[0014] The present invention is based on the above findings.
[0015] Namely, the present invention relates to:

[1] a mutated tetraprenyl-β-curcumene cyclase wherein (1) a 4th amino acid residue of a DXDD motif, aspartic acid,
is substituted with an amino acid other than aspartic acid, and (2) an amino acid adjacent to the N-terminus of an
(A/S/G)RX(H/N)XXP motif is substituted with an amino acid other than tyrosine, or a 4th amino acid of the
GXGX(G/A/P) motif is substituted with an amino acid other than leucine, (a) having a QXXXGX(W/F) motif at a
position separated by 100 amino acid residues or more on the N-terminal side, an (A/S/G)RX(H/N)XXP motif at a
position separated by 180 to 250 amino acid residues on the N-terminal side, a QXXXX(G/A/S)X(F/W/Y) motif at a
position separated by 10 to 50 amino acids residues on the N-terminal side, a QXXXGX(F/W/Y) motif at a position
separated by 20 to 50 amino acid residues on the C-terminal side, a QXXXGXW motif at a position separated by
50 to 120 amino acid residues on the C-terminal side, a QXXXGX(F/W) motif at a position separated by 120 to 170
amino acid residues on the C-terminal side, and a GXGX(G/A/P) motif at a position separated by 180 to 250 amino
acid residues on the C-terminal side, with respect to the DXDD motif, (b) having 40% or more identity with the amino
acid sequence of SEQ ID NO: 1, and (c) exhibiting ambrein production activity using squalene as a substrate,
[2] the mutated tetraprenyl-β-curcumene cyclase of item [1], not having a QXXXGXW motif at a position separated
by 170 amino acid residues or more on the C-terminal side, with respect to the DXDD motif,
[3] the mutated tetraprenyl-β-curcumene cyclase of item [1] or [2], wherein a polypeptide constituting the mutated
tetraprenyl-β-curcumene cyclase is (1) a polypeptide wherein aspartic acid at position 373 from the N-terminal in
the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than aspartic acid; and tyrosine
at position 167 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid
other than tyrosine, or leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is
substituted with an amino acid other than leucine, (2) a polypeptide wherein one or plural amino acids are deleted,
substituted, inserted and/or added in the amino acid sequence in which aspartic acid at position 373 from the N-
terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than aspartic acid;
and tyrosine at position 167 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an
amino acid other than tyrosine, or leucine at position 596 from the N-terminal in the amino acid sequence of SEQ
ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting ambrein production activity using
squalene as a substrate, (3) a polypeptide having 40% or more identity with the amino acid sequence in which
aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with
an amino acid other than aspartic acid; and tyrosine at position 167 from the N-terminal in the amino acid sequence
of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or leucine at position 596 from the N-terminal
in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting
ambrein production activity using squalene as a substrate, (4) a polypeptide comprising the amino acid sequence
in which aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted
with an amino acid other than aspartic acid; and tyrosine at position 167 from the N-terminal in the amino acid
sequence of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or leucine at position 596 from the
N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and
exhibiting ambrein production activity using squalene as a substrate, (5) a polypeptide comprising the amino acid
sequence wherein one or plural amino acids are deleted, substituted, inserted and/or added in the amino acid
sequence in which aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ ID NO: 1
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is substituted with an amino acid other than aspartic acid; and tyrosine at position 167 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or leucine at position
596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than
leucine, and exhibiting ambrein production activity using squalene as a substrate, or(6) a polypeptide comprising
an amino acid sequence having 40% or more identity with the amino acids sequence in which aspartic acid at
position 373 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid
other than aspartic acid; and tyrosine at position 167 from the N-terminal in the amino acid sequence of SEQ ID
NO: 1 is substituted with an amino acid other than tyrosine, or leucine at position 596 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting ambrein
production activity using squalene as a substrate,
[4] the mutated tetraprenyl-β-curcumene cyclase of any one of items [1] to [3], wherein the 4th amino acid residue
of a DXDD motif is substituted with cysteine or glycine from aspartic acid, and the amino acid adjacent to the N-
terminus of an (A/S/G)RX(H/N)XXP motif is substituted with alanine or glycine from tyrosine, or the 4th amino acid
of the GXGX(G/A/P) motif is substituted with alanine or phenylalanine from leucine,
[5] a mutated tetraprenyl-β-curcumene cyclase having DXDD motif wherein a 4th amino acid of the GXGX(G/A/P)
motif is an amino acid other than leucine, glycine or proline, (a) having a QXXXGX(W/F) motif at a position separated
by 100 amino acid residues or more on the N-terminal side, a QXXXX(G/A/S)X(F/W/Y) motif at a position separated
by 10 to 50 amino acids residues on the N-terminal side, a QXXXGX(F/W/Y) motif at a position separated by 20 to
50 amino acid residues on the C-terminal side, a QXXXGXW motif at a position separated by 50 to 120 amino acid
residues on the C-terminal side, a QXXXGX(F/W) motif at a position separated by 120 to 170 amino acid residues
on the C-terminal side, and a GXGX(G/A/P) motif at a position separated by 180 to 250 amino acid residues on the
C-terminal side, with respect to the DXDD motif, (b) having 40% or more identity with the amino acid sequence of
SEQ ID NO: 1, and (c) exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate,
[6] the mutated tetraprenyl-β-curcumene cyclase of item [5], not having a QXXXGXW motif at a position separated
by 170 amino acid residues or more on the C-terminal side, with respect to the DXDD motif,
[7] the mutated tetraprenyl-β-curcumene cyclase of item [5] or [6], wherein a polypeptide constituting the mutated
tetraprenyl-β-curcumene cyclase is (1) a polypeptide wherein leucine at position 596 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, (2) a polypeptide wherein
one or plural amino acids are deleted, substituted, inserted and/or added in the amino acid sequence in which
leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino
acid other than leucine, and exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate, (3) a
polypeptide having 40% or more identity with the amino acid sequence in which leucine at position 596 from the N-
terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and
exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate, (4) a polypeptide comprising the
amino acid sequence in which leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID
NO: 1 is substituted with an amino acid other than leucine, and exhibiting ambrein production activity using 3-
deoxyachilleol A as a substrate, (5) a polypeptide comprising the amino acid sequence wherein one or plural amino
acids are deleted, substituted, inserted and/or added in the amino acid sequence in which leucine at position 596
from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine,
and exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate, or (6) a polypeptide comprising
an amino acid sequence having 40% or more identity with the amino acid sequence in which leucine at position 596
from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine,
and exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate,
[8] the mutated tetraprenyl-β-curcumene cyclase of any one of items [5] to [7], wherein the 4th amino acid of the
GXGX(G/A/P) motif is alanine or phenylalanine,
[9] a polynucleotide encoding the mutated tetraprenyl-β-curcumene cyclase of any one of items [1] to [8],
[10] a microorganism having the polynucleotide of item [9],
[11] a vector comprising a DNA having the polynucleotide of item [9],
[12] a transformant having the vector of item [11],
[13] a method for preparing ambrein characterized by bringing into contact the mutated tetraprenyl-β-curcumene
cyclase of any one of items [1] to [4] with squalene, to obtain ambrein,
[14] a method for preparing ambrein characterized by bringing into contact the mutated tetraprenyl-β-curcumene
cyclase of any one of items [5] to [8] with 3-deoxyachilleol A, to obtain ambrein, and
[15] a method for preparing ambrein characterized by culturing the microorganism according claim 10, or the trans-
formant of item [12].
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ADVANTAGEOUS EFFECTS OF INVENTION

[0016] According to an embodiment of the mutated tetraprenyl-β-curcumene cyclase of the present invention, ambrein
can be synthesized in one step using squalene as a substrate, without a concomitant use of a mutated squalene-hopene
cyclase. Further, an ambrein can be efficiently prepared from a carbon source contained in a culture solution by microbial
fermentation.
[0017] The mutated tetraprenyl-β-curcumene cyclase used in the present invention can produce 3-deoxyachilleol A
from squalene. Further, the mutated tetraprenyl-β-curcumene cyclase used in the present invention can produce ambrein
from the bicyclic triterpene (8α-hydroxypolypoda-13,17,21-triene).
[0018] The mutated tetraprenyl-β-curcumene cyclase used in the present invention can exhibit the above-mentioned
effect efficiently, when compared with a tetraprenyl-β-curcumene cyclase, wherein the 4th amino acid residue of the
DXDD motif, aspartate, is only substituted with an amino acid other than aspartate.
[0019] According to another embodiment of the mutated tetraprenyl-β-curcumene cyclase of the present invention,
ambrein can be efficiently produced from 3-deoxyachilleol A.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020]

Fig. 1 is a diagram showing a conventional ambrein synthesis pathway using squalene as a substrate, wherein the
mutated squalene-hopene cyclase and tetraprenyl-β-curcumene cyclase (A), and a diagram showing an ambrein
synthesis pathway using 3-deoxyachilleol A as a substrate, wherein the mutated tetraprenyl-β-curcumene cyclase
of the present invention (A).
Fig. 2 is a diagram showing two pathways for preparing ambrein from squalene, using the mutated tetraprenyl-β-
curcumene cyclase of the present invention.
Fig. 3 is a graph showing a production efficiency of ambrein using squalene as a substrate by using Y167A/D373C
mutant (Example 1), D373C/L596A mutant (Example 2), D373C mutant (Comparative Example 1), Y167A mutant
(Comparative Example 2), and L596A mutant (Comparative Example 3).
Fig. 4 is a graph showing the rate of ambrein and the other reaction products (by-products)
in the enzymatic reaction using squalene as a substrate by using Y167A/D373C mutant (Example 1), D373C/L596A
mutant (Example 2), and D373C mutant (Comparative Example 1).
Fig. 5 is a graph showing the productivity of ambrein using squalene as a substrate by using Y167A/D373C mutant
(Example 1), and changing the substrate concentration.
Fig. 6 is a graph showing a production efficiency using 3-deoxyachilleol A as a substrate by using L596A mutant
(Example 5), L596F mutant (Example 6), wild type (Comparative Example 5), L596V mutant (Example 7), L596P
mutant (Comparative Example 6).
Fig. 7 is a graph showing the rate of ambrein and the other reaction products (by-products)
in the enzymatic reaction using 3-deoxyachilleol A as a substrate by using wild type (Comparative Example 5),
L596A mutant (Example 5).
Fig. 8 is a chart showing the amino acid sequences of the wild type tetraprenyl-β-curcumene cyclase, the mutated
tetraprenyl-β-curcumene cyclase wherein aspartic acid at position 373 is substituted with cysteine, and tyrosine at
position 167 is substituted with alanine, and the mutated tetraprenyl-β-curcumene cyclase wherein aspartic acid at
position 373 is substituted with cysteine, and leucine at position 596 is substituted with alanine.
Fig. 9 is a chart showing the amino acid sequences of the wild type tetraprenyl-β-curcumene cyclase, the mutated
tetraprenyl-β-curcumene cyclase wherein leucine at position 596 is substituted with alanine, the mutated tetraprenyl-
β-curcumene cyclase wherein leucine at position 596 is substituted with phenylalanine, and the mutated tetraprenyl-
β-curcumene cyclase wherein leucine at position 596 is substituted with valine.
Fig. 10 is a chart showing an alignment of amino acid sequences of the tetraprenyl-β-curcumene cyclase of Bacillus
megaterium, Bacillus subtilis, and Bacillus licheniformis, and amino acid sequence of the squalene-hopene cyclase
of Alicyclobacillus acidocaldarius.

DESCRIPTION OF EMBODIMENTS

(Tetraprenyl-β-curcumene cyclase)

[0021] The wild type tetraprenyl-β-curcumene cyclase (hereinafter sometimes referred to as a TC) can produce ambrein
by using 3-deoxyachilleol A, which comprises a monocycle at one end, as a substrate. That is, when 3-deoxyachilleol
A is utilized as a substrate, the tetraprenyl-β-curcumene cyclase selectively forms a ring on the end of the 3-deoxyachilleol
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A on which a ring has not formed to produce a compound which is cyclized at both ends.
[0022] Further, the tetraprenyl-β-curcumene cyclase can produce bicyclic 8α-hydroxypolypoda-13, 17, 21-triene using
squalene as a substrate (Non-patent literature 5). Furthermore, the tetraprenyl-β-curcumene cyclase selectively forms
a ring on the end of the bicyclic 8α-hydroxypolypoda-13, 17, 21-triene on which a ring has not been formed to produce
a onoceranoxide and 14β-hydroxyonocera-8(26)-en which are cyclized at both ends (Non-patent literature 6)..
[0023] That is to say, tetraprenyl-β-curcumene cyclase, which is classified as belonging to EC 4.2.1.129, is an enzyme
capable of catalyzing a reaction which produces baciterpenol A from water and tetraprenyl-β-curcumene or a reaction
which produces 8α-hydroxypolypoda-13,17, 21-triene from squalene.
[0024] For example, bacteria such as Bacillus, Brevibacillus, Paenibacilus, or Geobacillus has the tetraprenyl-β-cur-
cumene cyclase. As the Bacillus bacterium, there may be mentioned Bacillus subtilis, Bacillus megaterium, or Bacillus
licheniformis. The tetraprenyl-β-curcumene cyclase has a QXXXGX(W/F) motif at a position separated by 100 amino
acid residues or more on the N-terminal side, a QXXXX(G/A/S)X(F/W/Y) motif at a position separated by 10 to 50 amino
acid residues on the N-terminal side, a QXXXGX(F/W/Y) motif at a position separated by 20 to 50 amino acid residues
on the C-terminal side, a QXXXGXW motif at a position separated by 50 to 120 amino acid residues on the C-terminal
side, and a QXXXGX(F/W) motif at a position separated by 120 to 170 amino acid residues on the C-terminal side, with
respect to the DXDD motif. The squalene-hopene cyclase also has the above motifs, and further has a QXXXGXW motif
at a position separated by 170 amino acid residues or more on the C-terminal side, with respect to the DXDD motif. On
the other hand, the tetraprenyl-β-curcumene cyclase does not have the QXXXGXW motif. Furhtermore, the tetraprenyl-
β-curcumene cyclase preferably has a (A/S/G)RX(H/N)XXP motif at a position separated by 180 to 250 amino acid
residues on the N-terminal side, with respect to the DXDD motif, but the squalene-hopene cyclase does not have the
(A/S/G)RX(H/N)XXP motif. Further, squalene-hopene cyclase has a GXGFP motif on the C-terminal side of the
QXXXGXW motif, and is characterized in that the 4th amino acid of the DXDD motif is phenylalanine (F). The tetraprenyl-
β-curcumene cyclase also has a GXGX(G/A/P) motif similar to the GXGFP motif. However, the 4th amino acid is not
phenylalanine, but is basically leucine (L).

[1] Mutated tetraprenyl-β-curcumene cyclase

(First embodiment)

[0025] In the first embodiment of the mutated tetraprenyl-β-curcumene cyclase of the present invention, (1) a 4th
amino acid residue of a DXDD motif, aspartic acid, is substituted with an amino acid other than aspartic acid, and (2)
an amino acid adjacent to the N-terminus of an (A/S/G)RX(H/N)XXP motif is substituted with an amino acid other than
tyrosine, or a 4th amino acid of the GXGX(G/A/P) motif is substituted with an amino acid other than leucine, and the
mutated tetraprenyl-β-curcumene cyclase has (a) a QXXXGX(W/F) motif at a position separated by 100 amino acid
residues or more on the N-terminal side, an (A/S/G)RX(H/N)XXP motif at a position separated by 180 to 250 amino acid
residues on the N-terminal side, a QXXXX(G/A/S)X(F/W/Y) motif at a position separated by 10 to 50 amino acids residues
on the N-terminal side, a QXXXGX(F/W/Y) motif at a position separated by 20 to 50 amino acid residues on the C-
terminal side, a QXXXGXW motif at a position separated by 50 to 120 amino acid residues on the C-terminal side, a
QXXXGX(F/W) motif at a position separated by 120 to 170 amino acid residues on the C-terminal side, and a
GXGX(G/A/P) motif at a position separated by 180 to 250 amino acid residues on the C-terminal side, with respect to
the DXDD motif, and has (b) 40% or more identity with the amino acid sequence of SEQ ID NO: 1, and exhibits (c)
ambrein production activity using squalene as a substrate.
[0026] Alphabets defining each motif or sequence mean one letter amino acid codes, and the character "X" means
an arbitrary amino acid. That is to say, in the case of the QXXXGX (W / F) motif, glutamine (Q), any three amino acids
(X), glycine (G), any amino acid (X), any one of tryptophan (W) or phenylalanine (F) are arranged from the N terminus
to the C terminus. In addition, the wording "having QXXXGX(W/F) motif at a position separated by 100 amino acid
residues or more on the N-terminal side with respect to the DXDD motif’ means that there are 100 amino acid residues
or more between the DXDD motif and the QXXXGX (W/ F) motif. Identification of other motifs is similar. Hereinafter, the
same applies unless otherwise noted.
[0027] Further, the 4th amino acid residue of a GXGX(G/A/P) motif means the 4th amino acid counted from the N-
terminal side, and the same applies to other sequences. Hereinafter, the same applies unless otherwise noted.
[0028] Amino acid sequence identity is expressed as a percentage by aligning with appropriate gaps so that the amino
acid residues of the sequences being compared match, and by dividing the number of matched amino acid residues by
the total number of amino acid residues.
[0029] Identity can be calculated using well-known programs (e.g. BLAST, FASTA, CLUSTAL W, etc.).
[0030] As the preferable embodiment of the first embodiment of the mutated tetraprenyl-β-curcumene cyclase of the
present invention, a polypeptide constituting the mutated tetraprenyl-β-curcumene cyclase is
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(1) a polypeptide wherein aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ ID
NO: 1 is substituted with an amino acid other than aspartic acid; and tyrosine at position 167 from the N-terminal in
the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or leucine at position
596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than
leucine,
(2) a polypeptide wherein one or plural amino acids are deleted, substituted, inserted and/or added in the amino
acid sequence in which aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ ID NO:
1 is substituted with an amino acid other than aspartic acid; and tyrosine at position 167 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or leucine at position
596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than
leucine, and exhibiting ambrein production activity using squalene as a substrate,
(3) a polypeptide having 40% or more identity with the amino acid sequence in which aspartic acid at position 373
from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than aspartic
acid; and tyrosine at position 167 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted
with an amino acid other than tyrosine, or leucine at position 596 from the N-terminal in the amino acid sequence
of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting ambrein production activity
using squalene as a substrate,
(4) a polypeptide comprising the amino acid sequence in which aspartic acid at position 373 from the N-terminal in
the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than aspartic acid; and tyrosine
at position 167 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid
other than tyrosine, or leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is
substituted with an amino acid other than leucine, and exhibiting ambrein production activity using squalene as a
substrate,
(5) a polypeptide comprising the amino acid sequence wherein one or plural amino acids are deleted, substituted,
inserted and/or added in the amino acid sequence in which aspartic acid at position 373 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than aspartic acid; and tyrosine at
position 167 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid
other than tyrosine, or leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is
substituted with an amino acid other than leucine, and exhibiting ambrein production activity using squalene as a
substrate, or
(6) a polypeptide comprising an amino acid sequence having 40% or more identity with the amino acids sequence
in which aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted
with an amino acid other than aspartic acid; and tyrosine at position 167 from the N-terminal in the amino acid
sequence of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or leucine at position 596 from the
N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and
exhibiting ambrein production activity using squalene as a substrate.

[0031] Further, according to a most preferable embodiment of the mutated tetraprenyl-β-curcumene cyclase of the
present invention, the polypeptide constituting the mutated tetraprenyl-β-curcumene cyclase includes a polypeptide
consisting of the amino acid sequence of SEQ ID NO: 5 or 6 which is derived from Bacillus megaterium. In this mutated
tetraprenyl-β-curcumene cyclase, a 4th amino acid residue of a DXDD motif, aspartic acid, is substituted with cysteine,
and an amino acid adjacent to the N-terminus of an (A/S/G)RX(H/N)XXP motif is substituted with alanine, or a 4th amino
acid of the GXGX(G/A/P) motif is substituted with alanine.

(Substitution of 4th amino acid residue of DXDD motif)

[0032] In the mutated tetraprenyl-β-curcumene cyclase (hereinafter sometimes referred to as a mutated TC) of the
present invention, the 4th amino acid residue of the DXDD motif is substituted with an amino acid other than aspartic
acid. The amino acid other than aspartic acid is not limited, as long as the effect of the present invention can be achieved,
but includes alanine, cysteine, glutamic acid, phenylalanine, glycine, histidine, isoleucine, lysine, leucine, methionine,
asparagine, proline, glutamine, arginine, serine, threonine, valine, tryptophan, or tyrosine. However, it is preferably
cysteine or glycine, more preferably cysteine.
[0033] By substituting the 4th amino acid residue of the DXDD motif with the amino acid other than aspartic acid
(particularly cysteine or glycine), the mutated tetraprenyl-β-curcumene cyclase of the present invention can produce 3-
deoxyachilleol A from squalene, and can produce ambrein from 8α-hydroxypolypoda-13,17,21-triene.
[0034] For example, the DXDD motif is located at positions 370th to 373 from the N-terminal side of the amino acid
sequence of SEQ ID NO:1 of the tetraprenyl-β-curcumene cyclase of Bacillus megaterium. Further, it is located at
positions 375th to 378th from the N-terminal side of the amino acid sequence of SEQ ID NO:2 of the tetraprenyl-β-
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curcumene cyclase of Bacillus subtilis. The above aspartic acid of the DXDD motif is extremely highly conserved, and
generally, the 4th amino acid residue from the N-terminal side thereof is aspartic acid (Figure 10).

(Substitution of amino acid residue adjacent to N-terminus of (A/S/G)RX(H/N)XXP motif)

[0035] In the mutated TC of the present invention, the amino acid residue adjacent to the N-terminus of an
(A/S/G)RX(H/N)XXP motif is substituted with an amino acid other than tyrosine. The amino acid other than tyrosine is
not limited, as long as the effect of the present invention can be achieved, but includes alanine, cysteine, glutamic acid,
phenylalanine, glycine, histidine, isoleucine, lysine, leucine, methionine, asparagine, proline, glutamine, arginine, serine,
threonine, valine, tryptophan, or aspartic acid. However, it is preferably hydrophobic amino acids (glycine, alanine, valine,
leucine, isoleucine, methionine, proline, phenylalanine, and tryptophan). In particular, it is preferably alanine or glycine,
more prefearably alanine.
[0036] By substituting the amino acid residue adjacent to the N-terminus of an (A/S/G)RX(H/N)XXP motif with the
amino acid other than tyrosine (particularly alanine or glycine), the mutated tetraprenyl-β-curcumene cyclase of the
present invention has improved functions of producing 3-deoxyachilleol A from squalene and producing ambrein from
8α-hydroxypolypoda-13,17,21-triene.
[0037] For example, the (A/S/G)RX(H/N)XXP motif is located at positions 168 to 174 from the N-terminal side of the
amino acid sequence of SEQ ID NO:1 of the tetraprenyl-β-curcumene cyclase of Bacillus megaterium. Further, it is
located at positions 170 to 176 from the N-terminal side of the amino acid sequence of SEQ ID NO:2 of the tetraprenyl-
β-curcumene cyclase of Bacillus subtilis. The above amino acid residue adjacent to the N-terminus of the
(A/S/G)RX(H/N)XXP motif is extremely highly conserved, and it is basically tyrosine (Figure 10) in the wild type. In the
present invention, it has been found that, the tetraprenyl-β-curcumene cyclase has improved the ambrein production
activity using squalene as a substrate, by mutating this specific amino acid with high conservation.

(Substitution of 4th amino acid residue of GXGX(G/A/P) motif)

[0038] In the mutated TC of the present invention, the 4th amino acid residue of the GXGX(G/A/P) motif is substituted
with an amino acid other than leucine. The amino acid other than leucine is not limited, as long as the effect of the
present invention can be achieved, but includes alanine, cysteine, glutamic acid, phenylalanine, glycine, histidine, iso-
leucine, lysine, methionine, asparagine, proline, glutamine, arginine, serine, threonine, valine, tryptophan, tyrosine or
aspartic acid. However, it is preferably alanine, phenylalanine, valine, methionine, isoleucine, or tryptophan. In particular,
it is preferably alanine or phenylalanine, more preferably alanine.
[0039] By substituting the amino acid residue of the 4th amino acid residue of the GXGX(G/A/P) motif with the amino
acid other than leucine (particularly alanine or phenylalanine), the mutated tetraprenyl-β-curcumene cyclase of the
present invention has improved functions of producing 3-deoxyachilleol A from squalene and producing ambrein from
8α-hydroxypolypoda-13,17,21-triene.
[0040] For example, the GXGX(G/A/P) motif is located at positions 593 to 597 from the N-tenninal side of the amino
acid sequence of SEQ ID NO:1 of the tetraprenyl-β-curcumene cyclase of Bacillus megaterium. Further, it is located at
positions 594 to 598 from the N-terminal side of the amino acid sequence of SEQ ID NO:2 of the tetraprenyl-β-curcumene
cyclase of Bacillus subtilis. The 4th amino acid residue of the motif is leucine as far as the inventors know, in the wild
type whose function is confirmed (Figure 10). In the present invention, it has been found that, the tetraprenyl-β-curcumene
cyclase has improved the ambrein production activity using squalene as a substrate, by mutating this leucin.
[0041] Figure 8 shows amino acid sequences of wild type tetraprenyl-β-curcumene cyclase of Bacillus megaterium,
the mutated tetraprenyl-β-curcumene cyclase in which aspartic acid at position 373 is substituted with cysteine, and
tyrosine at position 167 is substituted with alanine, and the mutated tetraprenyl-β-curcumene cyclase in which aspartic
acid at position 373 is substituted with cysteine, and leucine at position 596 is substituted with alanine.
[0042] Origin of the mutated tetraprenyl-β-curcumene cyclase of the present invention is not particularly limited, and
all tetraprenyl-β-curcumene cyclases can be used. That is, the mutated tetraprenyl-β-curcumene cyclase wherein the
4th amino acid of the DXDD motif, aspartic acid, is substituted with an amino acid other than aspartic acid (preferably
cysteine or glycine), and the 4th amino acid of the GXGX(G/A/P) motif is substituted with an amino acid other than
leucine (preferably alanine or phenylalanine) or the amino acid adjacent to the N-terminus of a (A/S/G)RX(H/N)XXP
motif is substituted with an amino acid other than tyrosine (preferably alanine or glycine), can exhibit the effect of the
present invention. More specifically, the mutated tetraprenyl-β-curcumene cyclase wherein it has a QXXXGX(W/F) motif
at a position separated by 100 amino acid residues or more on the N-terminal side, an (A/S/G)RX(H/N)XXP motif at a
position separated by 180 to 250 amino acid residues or more on the N-terminal side, a QXXXX(G/A/S)X(F/W/Y) motif
at a position separated by 10 to 50 amino acids residues on the N-terminal side, a QXXXGX(F/W/Y) motif at a position
separated by 20 to 50 amino acid residues on the C-terminal side, a QXXXGXW motif at a position separated by 50 to
120 amino acid residues on the C-terminal side, a QXXXGX(F/W) motif at a position separated by 120 to 170 amino
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acid residues on the C-terminal side, and a GXGX(G/A/P) motif at a position separated by 180 to 250 amino acid residues
on the C-terminal side, with respect to the DXDD motif; and the 4th amino acid of the DXDD motif, aspartic acid, is
substituted with an amino acid other than aspartic acid (preferably cysteine or glycine), and the 4th amino acid of the
GXGX(G/A/P) motif is substituted with an amino acid other than leucine (preferably alanine or phenylalanine) or the
amino acid adjacent to the N-terminus of a (A/S/G)RX(H/N)XXP motif is substituted with an amino acid other than tyrosine
(preferably alanine or glycine), can exhibit the effect of the present invention. Preferably, the mutated tetraprenyl-β-
curcumene cyclase of the present invention does not have the QXXXGXW motif at a position separated by 170 amino
acid residues or more on the C-terminal side, with respect to the DXDD motif. For example, the amino acid sequence
identity of the polypeptides between Bacillus subtilis and Bacillus megaterium is about 50%. However, both enzymes
have the feature of the present invention, and thus can produce 3-deoxyachilleol A from squalene and produce ambrein
from 8α-hydroxypolypoda-13, 17, 21-triene. In connection to this, the amino acid sequence of tetraprenyl-β-curcumene
cyclase of Bacillus megaterium is shown in SEQ ID NO:1, and the amino acid sequence of tetraprenyl-β-curcumene
cyclase of Bacillus subtilis shown in SEQ ID NO:2.

(Second embodiment)

[0043] The mutated tetraprenyl-β-curcumene cyclase of a second embodiment of the present invention has the DXDD
motif, and a 4th amino acid of the GXGX(G/A/P) motif is substituted with an amino acid other than n leucine. Further,the
mutated tetraprenyl-β-curcumene cyclase has (a) a QXXXGX(W/F) motif at a position separated by 100 amino acid
residues or more on the N-terminal side, a QXXXX(G/A/S)X(F/W/Y) motif at a position separated by 10 to 50 amino
acids residues on the N-terminal side, a QXXXGX(F/W/Y) motif at a position separated by 20 to 50 amino acid residues
on the C-terminal side, a QXXXGXW motif at a position separated by 50 to 120 amino acid residues on the C-terminal
side, a QXXXGX(F/W) motif at a position separated by 120 to 170 amino acid residues on the C-terminal side, and a
GXGX(G/A/P) motif at a position separated by 180 to 250 amino acid residues on the C-terminal side, with respect to
the DXDD motif, and has (b) 40% or more identity with the amino acid sequence of SEQ ID NO: 1, and exhibits (c)
ambrein production activity using 3-deoxyachilleol A as a substrate
[0044] The definition of alphabetsof each motif or sequence is the same as in the first embodiment
[0045] As the preferable embodiment of the second embodiment of the mutated tetraprenyl-β-curcumene cyclase of
the present invention, a polypeptide constituting the mutated tetraprenyl-β-curcumene cyclase is

(1) a polypeptide wherein leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1
is substituted with an amino acid other than leucine,
(2) a polypeptide wherein one or plural amino acids are deleted, substituted, inserted and/or added in the amino
acid sequence in which leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is
substituted with an amino acid other than leucine, and exhibiting ambrein production activity using 3-deoxyachilleol
A as a substrate,
(3) a polypeptide having 40% or more identity with the amino acid sequence in which leucine at position 596 from
the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine,
and exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate,
(4) a polypeptide comprising the amino acid sequence in which leucine at position 596 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting ambrein
production activity using 3-deoxyachilleol A as a substrate,
(5) a polypeptide comprising the amino acid sequence wherein one or plural amino acids are deleted, substituted,
inserted and/or added in the amino acid sequence in which leucine at position 596 from the N-terminal in the amino
acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting ambrein production
activity using 3-deoxyachilleol A as a substrate, or
(6) a polypeptide comprising an amino acid sequence having 40% or more identity with the amino acid sequence
in which leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with
an amino acid other than leucine, and exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate.

[0046] Further, according to a most preferable second embodiment of the mutated tetraprenyl-β-curcumene cyclase
of t the present invention, the polypeptide constituting the mutated tetraprenyl-β-curcumene cyclase includes a polypep-
tide consisting of the amino acid sequence of SEQ ID NO: 9, 10 or 13, which is derived from Bacillus megaterium. In
this mutated tetraprenyl-β-curcumene cyclase, a 4th amino acid of a GXGX(G/A/P) motif is substituted with alanine,
phenylalanine, or valine.
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(Substitution of 4th amino acid residue of GXGX(G/A/P) motif)

[0047] In the mutated TC of the present invention, the 4th amino acid residue of the GXGX(G/A/P) motif is an amino
acid other than leucine, glycine, and proline. The 4th amino acid is not limited, as long as the effect of the present
invention can be achieved, but includes alanine, cysteine, glutamic acid, phenylalanine, histidine, isoleucine, lysine,
methionine, asparagine, glutamine, arginine, serine, threonine, tryptophan, tyrosine or aspartic acid. However, it pref-
erably includes alanine, phenylalanine, methionine, isoleucine, or tryptophan. In particular, it is preferably alanine or
phenylalanine, more preferably alanine.
[0048] By substituting the amino acid residue of the 4th amino acid residue of the GXGX(G/A/P) motif with the amino
acid other than leucine (particularly alanine or phenylalanine), the mutated tetraprenyl-β-curcumene cyclase of the
present invention has improved function of producing ambrein from 3-deoxyachilleol A.
[0049] For example, the GXGX(G/A/P) motif is located at positions 593rd to 597th from the N-terminal side of the
amino acid sequence of SEQ ID NO:1 of the tetraprenyl-β-curcumene cyclase of Bacillus megaterium. Further, it is
located at positions 594th to 598th from the N-terminal side of the amino acid sequence of SEQ ID NO:2 of the tetraprenyl-
β-curcumene cyclase of Bacillus subtilis. The 4th amino acid residue of the motif is leucine as far as the inventors know,
in the wild type whose function is confirmed. In the present invention, it has been found that, the tetraprenyl-β-curcumene
cyclase can efficiently produce ambrein from 3-deoxyachilleol A, by mutating the leucine to an amino acid other than
leucine, glycine, and proline.
[0050] Figure 7 shows amino acid sequences of wild type tetraprenyl-β-curcumene cyclase of Bacillus megaterium,
and the mutated tetraprenyl-β-curcumene cyclase in which leucine at position 596 is substituted with alanine or pheny-
lalanine.
[0051] Origin of the mutated tetraprenyl-β-curcumene cyclase of the present invention is not particularly limited, and
all tetraprenyl-β-curcumene cyclases can be used. That is, the mutated tetraprenyl-β-curcumene cyclase wherein the
4th amino acid of the GXGX(G/A/P) motif is substituted with an amino acid other than tyrosine (preferably alanine or
phenylalanine), can exhibit the effect of the present invention. More specifically, the mutated tetraprenyl-β-curcumene
cyclase wherein it has a QXXXGX(W/F) motif at a position separated by 100 amino acid residues or more on the N-
terminal side, a QXXXX(G/A/S)X(F/W/Y) motif at a position separated by 10 to 50 amino acids residues on the N-terminal
side, a QXXXGX(F/W/Y) motif at a position separated by 20 to 50 amino acid residues on the C-terminal side, a QXXXGXW
motif at a position separated by 50 to 120 amino acid residues on the C-terminal side, a QXXXGX(F/W) motif at a position
separated by 120 to 170 amino acid residues on the C-terminal side, and a GXGX(G/A/P) motif at a position separated
by 180 to 250 amino acid residues on the C-terminal side, with respect to the DXDD motif; and the 4th amino acid of
the GXGX(G/A/P) motif is substituted with an amino acid other than tyrosine (preferably alanine or phenylalanine), can
exhibit the effect of the present invention. Preferably, the mutated tetraprenyl-β-curcumene cyclase of the present in-
vention does not have the QXXXGXW motif at a position separated by 170 amino acid residues or more on the C-
terminal side, with respect to the DXDD motif. For example, the amino acid sequence identity of the polypeptides between
Bacillus subtilis and Bacillus megaterium is about 50%. However, both enzymes have the feature of the present invention,
and thus can improve the production efficiency of ambrein from 3-deoxyachilleol A. In connection to this, the amino acid
sequence of tetraprenyl-β-curcumene cyclase of Bacillus megaterium is shown in SEQ ID NO:1, and the amino acid
sequence of tetraprenyl-β-curcumene cyclase of Bacillus subtilis shown in SEQ ID NO:2. Futhrmore, the mutated tetra-
prenyl-β-curcumene cyclase of a second embodiment of the present invention preferably has a (A/S/G)RX(H/N)XXP
motif at a position separated by 180 to 250 amino acid residues on the N-terminal side, with respect to the DXDD motif,
[0052] Figure 10 shows an alignment of amino acid sequences of the tetraprenyl-β-curcumene cyclase of Bacillus
megaterium (SEQ ID NO: 1), Bacillus subtilis (SEQ ID NO: 2), and Bacillus licheniformis (SEQ ID NO: 3), and amino
acid sequence of the squalene-hopene cyclase of Alicyclobacillus acidocaldarius (SEQ ID NO: 4). The first and second
embodiments of the mutated tetraprenyl-β-curcumene cyclase of the present invention has a QXXXGX(W/F) motif at a
position separated by 100 amino acid residues or more on the N-terminal side, with respect to the DXDD motif, preferably
has two motif A at a position separated by 100 amino acid residues or more on the N-terminal side, with respect to the
DXDD motif.
[0053] As shown in Figure 1, when producing ambrein from squalene, conventionally, squalene is converted to 3-
deoxyachilleol A by a mutated squalene-hopene cyclase (hereinafter sometimes referred to as mutated SHC), and then
3-deoxyachilleol A is converted to ambrein by wild type tetraprenyl-β-curcumene cyclase, to produce ambrein (Patent
literature 2). As shown in Figure 1(B), the efficiency of converting 3-deoxyachilleol A to ambrain was significantly improved
by using the mutated tetraprenyl-β-curcumene cyclase of the second embodiment of the present invention.
[0054] When ambrein is produced from squalene by using the mutated tetraprenyl-β-curcumene cyclase of the second
embodiment of the present invention, it is produced through a pathway with monocyclic 3-deoxyachilleol A as an inter-
mediate (hereinafter sometimes referred to as a monocyclic pathway) and a pathway with 8α-hydroxypolypoda-13, 17,
21-triene as an intermediate (hereinafter referred to as a bicyclic pathway), as shown in Figure 2.
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(Monocyclic pathway)

[0055] In the monocyclic pathway, the monocyclic 3-deoxyachilleol A is produced from squalene by the mutated TC,
and then ambrein is produced from 3-deoxyachilleol A by the mutated TC. The conventional wild type TC can convert
3-deoxyachilleol A to ambrein, but cannot convert squalene to monocyclic 3-deoxyachilleol A. The mutated TC of the
present invention can convert squalene to monocyclic 3-deoxyachilleol A. Therefore, as shown in Figgure 2, two reactions,
i.e. a conversion of squalene to 3-deoxyachilleol A (reaction (a) in Figure 2), and a conversion of 3-deoxyachilleol A to
ambrein (reaction (b) in Figure 2) can be efficiently carried out by one enzyme.

(Bicyclic pathway)

[0056] In the bicyclic pathway, 8α-hydroxypolypoda-13, 17, 21-triene is produced from squalene by the mutated TC,
and then ambrein is produced from 8α-hydroxypolypoda-13, 17, 21-triene by the mutated TC. The conventional wild
type TC can convert squalene to 8α-hydroxypolypoda-13, 17, 21-triene, but cannot convert 8α-hydroxypolypoda-13,
17, 21-triene to ambrein. The mutated TC of the present invention can convert 8α-hydroxypolypoda-13, 17, 21-triene
to ambrein. Therefore, as shown in Figure 2, two reactions, i.e. a conversion of squalene to 8α-hydroxypolypoda-13,
17, 21-triene (reaction (c) in Figure 2), and a conversion of 8α-hydroxypolypoda-13, 17, 21-triene to ambrein (reaction
(d) in Figure 2) can be efficiently carried out by one enzyme.
[0057] According to the mutated TC of the present invention, in the process of producing ambrein from squalene, four
reactions, i.e. a conversion of squalene to 3-deoxyachilleol A (reaction (a)), a conversion of 3-deoxyachilleol A to ambrein
(reaction (b)), a conversion of squalene to 8α-hydroxypolypoda-13, 17, 21-triene (reaction (c)), and a conversion of 8α-
hydroxypolypoda-13, 17, 21-triene to ambrein (reaction (d)), can be carried out by one enzyme. The important mutation
capable of performing the above four reactions is a mutation in which the 4th aspartic acid of the DXDD motif is substi-
tutesed with an amino acid other than aspartic acid (for example, D373C). The mutated TC of the first embodiment of
the present invention has the substitution of the amino acid adjacent to the N-terminus of a (A/S/G)RX(H/N)XXP motif
with the amino acid other than tyrosine (for example, Y167A), or the substitution of the 4th amino acid of the GXGX(G/A/P)
motif with the amino acid other than leucine (for example, L596A), in addition to the above substitution, and thus can
carry out the reactions of monocyclicpathway and bicyclic pathway by one enzyme.

(Amino acid sequence in which one or plural amino acids are deleted, substituted, inserted and/or added)

[0058] A polypeptide of the mutated tetraprenyl-β-curcumene cyclase of the present invention, may be a polypeptide
consisting of an amino acid sequence wherein one or plural amino acids are deleted, substituted, inserted and/or added
in the amino acid sequence of SEQ ID NO:1. The polypeptide of mutated tetraprenyl-β-curcumene cyclase of the first
embodiment exhibits an ambrein production activity using squalene as a substrate, and the polypeptide of mutated
tetraprenyl-β-curcumene cyclase of the second embodiment exhibits an ambrein production activity using 3-deoxyachil-
leol A as a substrate. That is, a polypeptide which does not exhibit an ambrein production activity using squalene as a
substrate or 3-deoxyachilleol A respectively, is not comprised in the polypeptide of the mutated tetraprenyl-β-curcumene
cyclase of the present invention. The term "amino acid sequence in which one or plural amino acids are deleted,
substituted, inserted and/or added" as used herein means an amino acid sequence modified by amino acid substitution
or the like. The number of amino acid modifications can be, for example, 1 to 330, 1 to 300, 1 to 250, 1 to 200, 1 to 150,
1 to 100, or 1 to 50, preferably is 1 to 30, more preferably 1 to 10, still more preferably 1 to 5, most preferably 1 to 2. An
example of the modified amino acid sequence of the mutated peptide which can be used in the present invention is
preferably an amino acid sequence in which the amino acid has one or plural (preferably 1, 2, 3 or 4) conservative
substitutions.

(Amino acid sequence having 40% or more identity with the amino acid sequence)

[0059] A polypeptide of the mutated tetraprenyl-β-curcumene cyclase of the present invention, may be a polypeptide
consisting of an amino acid sequence having 40% or more identity with the amino acid sequence of SEQ ID NO:1. The
polypeptide of mutated tetraprenyl-β-curcumene cyclase of the first embodiment exhibits an ambrein production activity
using squalene as a substrate, and the polypeptide of mutated tetraprenyl-β-curcumene cyclase of the second embod-
iment exhibits an ambrein production activity using 3-deoxyachilleol A as a substrate. That is, a polypeptide which does
not exhibit an ambrein production activity using squalene as a substrate or 3-deoxyachilleol A respectively, is not com-
prised in the polypeptide of the mutated tetraprenyl-β-curcumene cyclase of the present invention. The mutated tetrap-
renyl-β-curcumene cyclase is a polypeptide consisting of an amino acid sequence preferably having an identity of 45%
or more, an amino acid sequence more preferably having an identity of 50% or more, an amino acid sequence more
preferably having an identity of 60% or more, an amino acid sequence more preferably having an identity of 70% or
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more, an amino acid sequence more preferably having an identity of 80% or more, an amino acid sequence more
preferably having an identity of 90% or more, an amino acid sequence most preferably having an identity of 95% or
more, and having an ambrein production activity from squalene or 3-deoxyachilleol A.
[0060] The "amino acid sequence in which one or plural amino acids are deleted, substituted, inserted and/or added"
in the amino acid sequence of SEQ ID NO:1 or "amino acid sequence having 40% or more identity with the amino acid
sequence" of SEQ ID NO:1 means that the amino acid sequence of SEQ ID NO:1 or 13 is substituted. This substitution
in the amino acid sequence is a conservative substitution that maintains the function of the mutated tetraprenyl-β-
curcumene cyclase of the present invention. In other words, the term "conservative substitution" means a substitution
that does not lose the excellent effects of the mutated tetraprenyl-β-curcumene cyclase of the present invention. That
is, even when the insertion, substitution, deletion, or addition is carried out, the ambrein production activity can be
improved using squalene or 3-deoxyachilleol A as a substrate. Specifically, the term "conservative substitutions" used
herein means that amino acid residue(s) are replaced with different amino acid(s) having similar chemical properties.
As for the conservative substitution, there may be mentioned, for example, a substitution of a hydrophobic residue for
another hydrophobic residue, or a substitution of a polar residue for another polar residue having the same charge.
Functionally similar amino acids that can be used for such substitutions are known in the art for each amino acid. As for
nonpolar (hydrophobic) amino acids, there may be mentioned, for example, alanine, valine, isoleucine, leucine, proline,
tryptophan, phenylalanine, methionine, or the like. As for polar (neutral) amino acids, there may be mentioned, for
example, glycine, serine, threonine, tyrosine, glutamine, asparagine, cysteine, or the like. As for basic amino acids having
a positive charge, there may be mentioned, for example, arginine, histidine, lysine, or the like. As for acidic amino acids
having a negative charge, there may be mentioned, for example, aspartic acid, glutamic acid, or the like.
[0061] In the mutated tetraprenyl-β-curcumene cyclase of the present invention, the mutation (substitution) of the 4th
amino acid residue of the DXDD motif, aspartic acid, into the amino acid other than aspartic acid, the mutation (substitution)
of the amino acid adjacent to the N-terminus of the (A/S/G)RX(H/N)XXP motif, into the amino acid other than tyrosine,
or the mutation (substitution) of the 4th amino acid residue of the GXGX(G/A/P) motif, into the amino acid other than
leucine, is an active substitution (mutation) for imparting an activity to produce ambrein using squalene or 3-deoxyachilleol
A as a substrate. However, the above conservative substitution is for maintaining the activity to produce ambrein using
squalene or 3-deoxyachilleol A as a substrate and can be easily carried out by those skilled in the art.
[0062] The mutated tetraprenyl-β-curcumene cyclase of the present invention can be obtained using known genetic
recombination techniques and the like. For example, a chromosomal DNA of Bacillus megaterium is obtained and
tetraprenyl-β-curcumene cyclase is amplified by, for example, PCR using appropriate primers. The obtained gene is
inserted into an appropriate vector, and the gene sequence is determined. A gene encoding the mutated tetraprenyl-β-
curcumene cyclase of the present invention can be obtained by introducing the above mutation(s). The mutated tetra-
prenyl-β-curcumene cyclase of the present invention can be obtained by incorporating the resulting gene into a host
such as yeast and expressing the same.
[0063] Further, the tetraprenyl-β-curcumene cyclase is known to exist in bacteria such as Bacillus in addition to Bacillus
megaterium, and thus it is possible to obtain an enzyme derived from Bacillus subtilis (accession number: AB 618206),
and an enzyme derived from Bacillus licheniformis (accession number: AAU 41134), and the like.
[0064] Further, the gene encoding the mutated tetraprenyl-β-curcumene cyclase of the present invention can be
synthesized by a known gene synthesis method such as the method of Khorana et al. (Gupta et al., 1968), the method
of Narang et al. (Scarpulla et al., 1982) or the method of Rossi et al. (Rossi et al., 1982). Then, the mutated tetraprenyl-
β-curcumene cyclase can be obtained by expressing the resulting synthetic gene.

[2] Polynucleotide

[0065] The polynucleotide of the present invention is not particularly limited as long as it is a polynucleotide encoding
the tetraprenyl-eotide of t cyclase of the present invention. For example, there may be mentioned a polynucleotide (SEQ
ID NO:7) encoding the polypeptide of SEQ ID NO:5, a polynucleotide (SEQ ID NO:8) encoding the polypeptide of SEQ
ID NO:6, a polynucleotide (SEQ ID NO:11) encoding the polypeptide of SEQ ID NO:9, a polynucleotide (SEQ ID NO:12)
encoding the polypeptide of SEQ ID NO:10, a polynucleotide (SEQ ID NO:14) encoding the polypeptide of SEQ ID NO:13,
[0066] Further, there may be mentioned a polynucleotide hybridizing under stringent conditions to the polynucleotide
consisting of base sequence of SEQ ID NO:7, 8, 11, 12, or 14 and having an ambrein production activity using squalene.
In connection to this, the term "polynucleotide" as used herein includes both DNA and RNA.
[0067] Further, the polynucleotide of the present invention is preferably changed to base sequence of the optimal
codon according to the microorganism or the host cell into which the polynucleotide is introduced.

[3] Microorganism

[0068] The microorganism of the present invention has the polynucleotide of the present invention. That is, the micro-
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organism is not particularly limited so long as it includes the polynucleotides of the present invention within cell thereof,
and there may be mentioned Escherichia coli, Bacillus subtilis, Brevibacillus, Actinomycete, Baker’s yeast, Aspergillus
oryzae, or Neurospora crassa.

[4] Vector

[0069] The vector of the present invention comprises the DNA having polynucleotide encoding the mutated tetraprenyl-
β-curcumene cyclase. That is, the vector of the present invention is not particularly limited, so long as it comprises the
polynucleotide of the present invention. As the vector, there may be mentioned, for example, a vector obtained by
introducing the polynucleotide of the present invention into a known expression vector appropriately selected in accord-
ance with a host cell to be used.
[0070] Preferably, the expression vector is autonomously replicable in the host such as E. coli, or baker’s yeast, or
can be incorporated into the chromosome, and has a high expression efficiency of the foreign protein. The expression
vector for expressing the polynucleotide is autonomously replicable in the microorganism, and is preferably a recombinant
vector composed of a promoter, a ribosome binding sequence, the DNA and a transcription termination sequence.
Further, it may contain a gene controlling the promoter.
[0071] More particularly, as an expression vector, for example, pBTrp2, pBTacl, pBTac2 (three vectors are commer-
cially available from Boehringer Mannheim), pKK233-2 (Pharmacia), pSE280 (Invitrogen), pGEMEX-1 (Promega), pQE-
8 (QIAGEN), pQE-30 (QIAGEN), pKYP10 (Japanese Unexamined Patent Publication (Kokai) No.58-1 10600), pKYP200
[Agricultural Biological Chemistry, 48, 669 (1984)], pLSA1 [Agric. Biol. Chem., 53, 277 (1989)], pGEL1 [Proc. Natl. Acad.
Sci. USA, 82, 4306 (1985)], pBluescriptII SK+, pBluescriptII SK (-)(Stratagene), pTrS30 (FERMBP-5407), pTrS32 (FERM
BP-5408), pGEX (Pharmacia), pET-3 (Novagen), pTerm2 (US4686191, US4939094, US5160735), pSupex, pUB110,
pTP5, pC194, pUC18 [gene, 33, 103 (1985)], pUC19 [Gene, 33, 103 (1985)], pSTV28 (TAKARA), pSTV29 (TAKARA),
pUC118 (TAKARA), pPA1 (Japanese Unexamined Patent Publication (Kokai) No.63-233798), pEG400 [J. Bacteriol.,
172, 2392 (1990)], pColdI, pColdII, pColdIII, pColdIV, pNIDNA, pNI-HisDNA (TAKARA BIO) and the like can be exem-
plified.
[0072] As the promoter, any one can be used as long as it can be expressed in host cells such as Escherichia coli,
baker’s yeast and the like. For example, there may be mentioned a promoter derived from Escherichia coli, phage, or
the like, (such as a trp promoter (Ptrp), lac promoter (Plac), PL promoter, PR promoter, or PSE promoter), SPO1 promoter,
SPO2 promoter, penP promoter or the like. Further, a promoter designed and modified artificially, such as a promoter
(Ptrpx 2) in which two Ptrp are connected in series, tac promoter, let I promoter, or lacT 7 promoter, can also be used.
In order to prepare an enzyme for production by an enzymatic method (biosynthesis by in vitro enzymatic reaction using
squalene as a substrate), a promoter which functions as a strong promoter and is capable of mass production of a target
protein is preferable. In addition, an inducible promoter is more preferable. As the inducible promoter, for example, there
may be mentioned a promoter of the cold shock gene cspA which is induced at low temperature, T7 promoter induced
by the addition of inducer IPTG, or the like. Further, in a fermentative production (biosynthesis in vivo by a host using a
carbon source such as glucose), among the above promoters, a promoter capable of constantly expressing a target
gene regardless of tissue, i.e., constitutive promoter is more preferable. As the constitutive promoter, there may mentioned
a promoter of an alcohol dehydrogenase 1 gene (ADH1), a translation elongation factor TF-1α gene (TEF1), a phos-
phoglycerate kinase gene (PGK1), a triose phosphate isomerase gene (TPI1), a triose phosphate dehydrogenase gene
(TDH3), or a pyruvate kinase gene (PYK1).

[5] Transformant

[0073] The transformant of the present invention is not particularly limited, so long as it comprises the polynucleotide
of the present invention. The transformant of the present invention may be, for example, a cell in which the polynucleotide
is integrated into a chromosome of a host cell, or a transformant containing the polynucleotide as a vector comprising
polynucleotide. Further, the transformant of the present invention may be a transformant expressing the polypeptide of
the present invention, or a transformant not expressing the polypeptide of the present invention. The transformant of
the present invention may be obtained by, for example, transfecting a desired host cell with the vector of the present
invention or the polynucleotide of the present invention per se.
[0074] The host cell is not particular limited. A strain which is easy to handle, such as Escherichia coli, Bacillus subtilis,
Brevibacillus, actinomycete, yeast, Aspergillus oryzae, or Neurospora crassais is preferable, but insect cells, plant cells,
animal cells or the like can be used. However, in order to prepare an enzyme used for production by an enzymatic
method (biosynthesis by in vitro enzymatic reaction using squalene as a substrate), Escherichia coli, Bacillus subtilis,
Brevibacillus, and Aspergillus oryzae are preferable, and Escherichia coli is most preferable. Further, in a fermentative
production (biosynthesis in vivo by a host using a carbon source such as glucose), yeast is most preferable. As the most
preferable yeast strain, there may be mentioned sake yeast. The sake yeast Kyokai 7, or Kyokai 701 is more preferable.
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The strain Kyokai K701 is a non-foaming mutant strain bred from wild-type strain Kyokai K7. However, the strain Kyokai
K701’s characters other than the above characters are the same as Kyokai K7.

[6] Method for preparing ambrein

[0075] The first embodiment of the method for preparing ambrein of the present invention is characterized by bringing
into contact the mutated tetraprenyl-β-curcumene cyclase with squalene, to obtain ambrein. The second embodiment
of the method for preparing ambrein of the present invention is characterized by bringing into contact the mutated
tetraprenyl-β-curcumene cyclase with 3-deoxyachilleol A, to obtain ambrein.
[0076] The mutated tetraprenyl-β-curcumene cyclase can be prepared by culturing the transformant obtained by in-
troducing the enzyme expression vector into bacteria or the like. The medium used for culturing the transformant may
be a commonly used medium and is appropriately selected depending on the type of host. For example, in the case of
culturing E. coli, LB medium and the like are used. Antibiotics according to the type of selective marker may be added
to the medium.
[0077] The mutated tetraprenyl-β-curcumene cyclase may be obtained by extraction followed by purification from a
culture medium which has been obtained by culturing a transformant capable of expressing the enzyme. Further, it may
be expressed as a fusion protein obtained by fusing a trigger factor (TF), a His tag or the like to the N-terminal side or
the C-terminal side of the polypeptide of the mutated tetraprenyl-a fusion protein obtained by fusing a trigger factor (TF),a
purification and the like may be facilitated. An extraction liquid containing the enzyme, which has been extracted from
a transformant in a culture medium, may be used as it is. As a method of extracting an enzyme from a transformant, a
known method may be applied. A step of extracting an enzyme may comprise, for example, crushing a transformant in
an extraction solvent and separating cell contents from crushed pieces of the transformant. The obtained cell contents
contain the mutated tetraprenyl-β-curcumene cyclase of interest.
[0078] As the method of crushing a transformant, a known method in which a transformant is crushed and an enzyme
liquid can be recovered may be applied, and examples thereof include ultrasonic crushing and glass beads crushing.
The conditions of crushing are not particularly restricted as long as the enzyme is not inactivated, such as a condition
of not higher than 10°C and for 15 minutes.
[0079] Examples of the method of separating cell contents from crushed pieces of microorganism include sedimen-
tation, centrifugation, filtering separation, and a combination of two or more thereof. Conditions for these separation
methods are known to those skilled in the art. The conditions are, for example, from 8,000 3 g to 15,000 3 g and from
10 to 20 minutes in the case of centrifugation.
[0080] The extraction solvent may be a solvent which is usually used as a solvent for extracting an enzyme, and
examples thereof include Tris-HCl buffer and potassium phosphate buffer. The pH of an extraction solvent is, from the
viewpoint of enzyme stability, preferably from 3 to 10 and more preferably from 6 to 8.
[0081] The extraction solvent may contain a surfactant. Examples of the surfactant include a nonionic surfactant and
an ampholytic surfactant. Examples of the nonionic surfactant include: a polyoxyethylene sorbitan fatty acid ester such
as poly(oxyethylene)sorbitan monooleate (Tween 80); alkylglucoside such asn-octylβ-D-glucoside; a sucrose fatty acid
ester such as sucrose stearate; and a polyglycerol fatty acid ester such as polyglycerol stearate. Examples of the
ampholytic surfactant include N,N-dimethyl-N-dodecylglycine betaine which is an alkylbetaine. Besides the above, sur-
factants generally used in the art such as Triton X-100 (TRITON X-100), polyoxyethylene(20)cetyl ether (BRIJ-58), and
nonylphenol ethoxylate (TERGITOL NP-40) can be utilized.
[0082] The concentration of a surfactant in an extraction solvent is, from the viewpoint of enzyme stability, preferably
from 0.001% by mass to 10% by mass, more preferably from 0.10% by mass to 3.0% by mass, and further preferably
from 0.10% by mass to 1.0% by mass.
[0083] From the viewpoint of enzyme activity, an extraction solvent preferably contains a reducing agent such as
dithiothreitol or β-mercaptoethanol. The reducing agent is preferably dithiothreitol. The concentration of dithiothreitol in
an extraction solvent is preferably from 0.1 mM to 1M and more preferably from 1 mM to 10 mM. In a case that dithiothreitol
is present in an extraction solvent, a structure such as a disulfide bond in the enzyme is easily to be retained and enzyme
activity is easily to be enhanced.
[0084] From the viewpoint of enzyme activity, the extraction solvent preferably contains chelating agent such as
ethylenediaminetetraacetic acid (EDTA). The concentration of EDTA in the extraction solvent is preferably from 0.01
mM to 1 M and more preferably from 0.1 mM to 10 mM. In a case that EDTA is present in the extraction solvent, a metal
ion which may reduce enzyme activity is chelated, and therefore, enzyme activity is easily to be enhanced.
[0085] The extraction solvent may contain, besides the ingredients described above, a known ingredient which can
be added to an enzyme extraction solvent.
[0086] The mutated tetraprenyl-β-curcumene cyclase may be used singly, or in combination of two or more kinds
thereof.
[0087] The conditions of a reaction between the mutated tetraprenyl-β-curcumene cyclase and squalene or 3-deoxy-
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achilleol A are not particularly restricted as long as the conditions are such that an enzyme reaction can be proceeded.
For example, the reaction temperature and the reaction time may be appropriately selected based on the activity of the
mutated tetraprenyl-β-curcumene cyclase or the like. From the viewpoint of reaction efficiency, the reaction temperature
and the reaction time may be, for example, from 4°C to 100°C and from 1 hour to 30 days, and preferably 30°C to 60°C
and 16 hours to 20 days. From the viewpoint of reaction efficiency, the pH is, for example, from 3 to 10, and preferably
from 6 to 8.
[0088] A reaction solvent is not particularly restricted as long as the reaction solvent does not inhibit an enzyme
reaction, and a buffer or the like which is usually used can be used. For example, the same solvent as an extraction
solvent which is used in a step of extracting an enzyme can be used. An extraction liquid (for example, cell-free extract)
containing the mutated tetraprenyl-β-curcumene cyclase may be used as it is as an enzyme liquid in the reaction.
[0089] From the viewpoint of reaction efficiency, the concentration ratio between mutated tetraprenyl-β-curcumene
cyclase and squalene or 3-deoxyachilleol A which is the substrate thereof in a production reaction of ambrein is preferably
from 1 to 10000, more preferably from 10 to 5000, still more preferably from 100 to 3000, and still further preferably from
1000 to 2000 in terms of the molar concentration ratio (substrate/enzyme) of the substrate to the enzyme.
[0090] From the viewpoint of reaction efficiency, the concentration of squalene or 3-deoxyachilleol A to be used for
an enzyme reaction is preferably from 0.000001% by mass to 10% by mass, and more preferably from 0.00001% by
mass to 1% by mass with respect to the total mass of the reaction solvent.
[0091] The reaction step between the mutated tetraprenyl-β-curcumene cyclase and squalene or 3-deoxyachilleol A
may be repeated a plurality of times. This can increase the yield of ambrein. In the case that a plurality of reaction steps
are repeated, the purification method may be comprised: a step of recharging squalene or 3-deoxyachilleol A to be the
substrate; a step of recovering and purifying a reaction product in a reaction liquid after inactivating the enzyme by a
known method; and the like. In a case that squalene is recharged, a charging point in time, and the amount of charging
of squalene can be appropriately set according to the concentration of the mutated tetraprenyl-β-curcumene cyclase in
the reaction liquid, the amount of the substrate remained in the reaction liquid, or the like.
[0092] According to another embodiment of the preparation method of the present invention, it is characterized by
culturing the microorganism or the transformant of the present invention.
[0093] An ambrein can be prepared by culturing the microorganism or the host cell transformed with the expression
vector. Regarding the yeast, the yeast may be cultured in a conventional YPD medium and the like. For example, the
yeast wherein a gene is introduced by a homologous recombination, or the yeast having the expression vector, is
precultured. Then, the precultured yeast is inoculated to an YPD medium or the like, and it is cultured for about 24 to
240 hours, preferably about 72 to 120 hours. The ambrein which is secreted into the medium can be used as is, or after
a purification by the known method. In particular, as the purification method, there may be mentioned solvent extraction,
recrystallization, distillation, column chromatography, and HPLC.

EXAMPLES

[0094] The present invention now will be further illustrated by, but is by no means limited to, the following Examples.
Bacillus megaterium is sometimes abbreviated as "Bme" in the specification, figures, or Tables, and tetraprenyl-β-
curcumene cyclase derived from Bacillus megaterium is sometimes abbreviated as "BmeTC.

<<Example 1>>

[0095] In this Example, the mutated tetraprenyl-β-curcumene cyclase was cloned and an expression vector was
constructed.
[0096] A polynucleotide encoding wild type tetraprenyl-β-curcumene cyclase was obtained by PCR using Bacillus
megaterium chromosomal DNA as a template, and an amino acid sequence of the wild type enzyme was determined.
(Hereinafter, unless otherwise noted, tetraprenyl-β-curcumene cyclase has a sequence derived from Bacillus megate-
rium, and is sometimes simply referred to as "wild type.")
[0097] The mutated tetraprenyl-β-curcumene cyclase gene was designed based on the amino acid sequence of the
wild type enzyme, so that aspartic acid at position 373 is substituted with cysteine, and tyrosine at position 167 is
substituted with alanine, and was synthesized by optimizing codons for Escherichia coli of the host. The synthesized
gene was inserted into the cloning site (restriction enzyme EcoRV site) of the vector pColdTF (TAKARA BIO), to obtain
the expression vector containing the mutated tetraprenyl-β-curcumene cyclase gene of Y167A/D373C mutant (SEQ ID
NO:5).
[0098] Then, a transformant of Escherichia coli BL21 (DE3) was prepared using the obtained expression vector con-
taining the mutated tetraprenyl-β-curcumene cyclase gene.
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<< Example 2>>

[0099] In this Example, the mutated tetraprenyl-β-curcumene cyclase gene wherein aspartic acid at position 373 is
substituted with cysteine, and leucine at position 596 is substituted with alanine, was constructed.
[0100] The mutated tetraprenyl-β-curcumene cyclase gene was designed based on the amino acid sequence of the
wild type enzyme, so that aspartic acid at position 373 is substituted with cysteine, and leucine at position 596 is substituted
with alanine, and was synthesized by optimizing codons for Escherichia coli of the host. The synthesized gene was
inserted into the cloning site (restriction enzyme EcoRV site) of the vector pColdTF (TAKARA BIO), to obtain the ex-
pression vector containing the mutated tetraprenyl-β-curcumene cyclase gene of D373C/L596A mutant (SEQ ID NO:6).
[0101] Then, a transformant of Escherichia coli BL21 (DE3) was prepared using the obtained expression vector con-
taining the mutated tetraprenyl-β-curcumene cyclase gene.

<<Comparative Examples 1 to 3>>

[0102] In this Comparative Example, expression vectors of the mutated tetraprenyl-β-curcumene cyclases wherein
only one amino acid at position 373, 167, and 596 was substituted, were constructed.
[0103] The procedure described in Example 1 was repeated except that a site-specific mutation was introduced there-
into by a Quick Change method so that aspartic acid at position 373 was substituted with cysteine, a site-specific mutation
was introduced thereinto by a Quick Change method so that tyrosine at position 167 was substituted with alanine, or a
site-specific mutation was introduced thereinto by a Quick Change method so that leucine at position 596 was substituted
with alanine, to obtain the expression vectors and transformants of D373C mutant (Comparative Example 1), Y167A
mutant (Comparative Example 2) or L596A mutant (Comparative Example 3).
[0104] Codons optimized for E. coli of host were used.

<<Example 3 and Comparative Example 4>>

[0105] In this Example and Comparative Example, enzyme activities of the mutated tetraprenyl-β-curcumene cyclases
were examined using squalene as a substrate.
[0106] The transformants prepared in Example 1, Example2, and Comparative Examples 1 to 3 were respectively
inoculated in the LB medium (1 L) containing ampicillin (50 mg / L) and the whole were cultivated at 37°C, for 3 hours
while shaking. After cultivation, isopropyl-β-thiogalactopyranoside (IPTG:0.1M) was added thereto, the whole was shaken
at 15°C, for 24 hours, to induce the expression of the mutated tetraprenyl-β-curcumene cyclases.
[0107] Thereafter, the bacterial cells collected by centrifugation (6,000 3 g, 10 minutes) were washed with 50 mM
Tris-HCl buffer (pH 7.5). Then, the bacterial cells (5g) were suspended in 15 mL of buffer A [containing 50 mM Tris-HCl
buffer (pH 7.5), 0.1 v / v% Tween80, 0.1 v / v% sodium ascorbate, 2.5 mM dithiothreitol, 1 mM EDTA], and the suspension
was sonicated at 4°C, for 20 minutes, using UP2005 sonicator (Hielscher Ultrasonics, Teltow, Germany). The sonicated
sample was centrifuged at 12,3003g, for 20 minutes, and the supernatant obtained after centrifugation was used as a
cell-free extract solutions A to E. (Hereinafter, the cell-free extracts prepared by using the transformants in Example 1
and 2 were designated as cell-free extracts A and B, respectively, and the cell-free extracts prepared by using the
transformants in Comparative Examples 1 to 3 were designated as cell-free extracts C to E, respectively.)
[0108] Squalene (100mg) was mixed with Triton Tween80 (5 mg) for solubilization and then added to buffer A (1 mL)
to prepare a squalene solution. The whole amount of the squalene solution was added to cell-free extract A (4 mL) to
prepare a reaction solution and incubated at 30°C, for 64 hours. The molar ratio (substrate/enzyme) of squalene (sub-
strate) to the mutated tetraprenyl-β-curcumene cyclase (enzyme) in the reaction solution was about 200.
[0109] After the incubation, 15% potassium hydroxide in methanol (6 mL) was added to the reaction solution to stop
the enzymatic reaction. Then, n-hexane (5 mL) was added to the reaction solution, and the reaction product was extracted
three times.
[0110] Ambrein production rates of the resulting extracts are shown in Figure 3. The amounts of ambrain production
of the Y167A/D373C mutant obtained in Example 1 and the D373C/L596A mutant obtained in Example 2 were improved,
compared with the D373 mutant. On the other hand, the Y167A mutant obtained in Comparative Example 2 and the
L596A mutant obtained in Comparative Example 3 cannot produce ambrain.
[0111] In addition, the production rate of ambrain and by-products is shown in Figure 4. The reaction selectivity from
squalene (substrate) to ambrain is improved, and thus the Y167A/D373C mutant and the D373C/L596A mutant can
produce ambrein efficiently. In addition, the identification of the ambrein and the calculation of the production rate were
performed by GC / MS and NMR
[0112] The identification of ambrein and the calculation of the production rate were performed by GC / MS and NMR.
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<<Example 4>>

[0113] In this Example, the productivity of ambrein of the mutated tetraprenyl-β-curcumene cyclase was examined
using squalene as a substrate by using Y167A/D373C mutant obtained in Example 1, and changing the substrate
concentration. The procedure described in Example 3 was repeated except that the substrate concentration was changed.
The results are shown in Figure 5. 427mg of ambrein could be produced from 1 000mg of squalene, and the reaction
efficiency was 43%.

<<Example 5>>

[0114] In this Example, the mutated tetraprenyl-β-curcumene cyclase was cloned and an expression vector was
constructed. The mutated tetraprenyl-β-curcumene cyclase gene was designed based on the amino acid sequence of
the wild type enzyme, so that leucine at position 596 is substituted with alanine, and was synthesized by optimizing
codons for Escherichia coli of the host. The synthesized gene was inserted into the cloning site (restriction enzyme
EcoRV site) of the vector pColdTF (TAKARA BIO), to obtain the expression vector containing the mutated tetraprenyl-
β-curcumene cyclase gene of L596A mutant (SEQ ID NO:9).
[0115] Then, a transformant of Escherichia coli BL21 (DE3) was prepared using the obtained expression vector con-
taining the mutated tetraprenyl-β-curcumene cyclase gene.

(Transformant producing L596A mutant enzyme)

<<Example 6>>

[0116] In this Example, the mutated tetraprenyl-β-curcumene cyclase gene wherein leucine at position 596 is substi-
tuted with alanine, was constructed.
[0117] The procedure described in Example 5 was repeated except that a site-specific mutation was introduced there-
into so that leucine at position 596 was substituted with alanine, to obtain the expression vector containing the mutated
tetraprenyl-β-curcumene cyclase gene (codons were optimized for Escherichia coli of the host) of L596F mutant (SEQ
ID NO:10). Then, a transformant of Escherichia coli BL21 (DE3) was prepared using the obtained expression vector
containing the mutated tetraprenyl-β-curcumene cyclase gene. (Transformant producing L596F mutant enzyme)

<<Comparative Example 5>>

[0118] In this Comparative Example, the wild type tetraprenyl-β-curcumene cyclase was cloned and an expression
vector was constructed.
[0119] The procedure described in Example 5 was repeated except that a site-specific mutation for substituting leucine
at position 596 with alanine was not introduced thereinto, to obtain the expression vector containing the tetraprenyl-β-
curcumene cyclase gene having leucine at position 596 (codons were optimized for Escherichia coli of the host). Then,
a transformant of Escherichia coli BL21 (DE3) was prepared using the obtained expression vector containing the mutated
tetraprenyl-β-curcumene cyclase gene.

(Transformant producing wild type enzyme)

<<Example 7>>

[0120] In this Example, the mutated tetraprenyl-β-curcumene cyclase gene wherein leucine at position 596 is substi-
tuted with valine, was constructed.
[0121] The procedure described in Example 5 was repeated except that a site-specific mutation was introduced there-
into so that leucine at position 596 was substituted with valine, to obtain the expression vector containing the mutated
tetraprenyl-β-curcumene cyclase gene of L596V mutant (codons were optimized for Escherichia coli of the host). Then,
a transformant of Escherichia coli BL21 (DE3) was prepared using the obtained expression vector containing the mutated
tetraprenyl-β-curcumene cyclase gene.

(Transformant producing L596V mutant enzyme)

<<Comparative Example 6>>

[0122] In this Comparative Example, the mutated tetraprenyl-β-curcumene cyclase gene wherein leucine at position
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596 is substituted with proline, was constructed.
[0123] The procedure described in Example 5 was repeated except that a site-specific mutation was introduced there-
into so that leucine at position 596 was substituted with proline, to obtain the expression vector containing the mutated
tetraprenyl-β-curcumene cyclase gene of L596P mutant (codons were optimized for Escherichia coli of the host). Then,
a transformant of Escherichia coli BL21 (DE3) was prepared using the obtained expression vector containing the mutated
tetraprenyl-β-curcumene cyclase gene.

(Transformant producing L596P mutant enzyme)

<<Example 8 and Comparative Example 7>>

[0124] In this Example and Comparative Example, enzyme activities of the mutated tetraprenyl-β-curcumene cyclases
were examined using 3-deoxyachilleol A as a substrate.
[0125] The transformants prepared in Examples 5 to 7, and Comparative Examples 1 to 3 were respectively inoculated
in the LB medium (1 L) containing ampicillin (50 mg / L) and the whole were cultivated at 37°C, for 3 hours while shaking.
After cultivation, isopropyl-β-thiogalactopyranoside (IPTG:0.1M) was added thereto, the whole was shaken at 15°C, for
24 hours, to induce the expression of the mutated tetraprenyl-β-curcumene cyclases.
[0126] Thereafter, the bacterial cells collected by centrifugation (6,000 3 g, 10 minutes) were washed with 50 mM
Tris-HCl buffer (pH 7.5). Then, the bacterial cells (5g) were suspended in 15 mL of buffer A [containing 50 mM Tris-HCl
buffer (pH 7.5), 0.1 v / v% Tween80, 0.1 v / v% sodium ascorbate, 2.5 mM dithiothreitol, 1 mM EDTA], and the suspension
was sonicated at 4°C, for 20 minutes, using UP2005 sonicator (Hielscher Ultrasonics, Teltow, Germany). The sonicated
sample was centrifuged at 12,3003g, for 20 minutes, and the supernatant obtained after centrifugation was used as a
cell-free extract solutions F to J. (Hereinafter, the cell-free extracts prepared by using the transformants in Example 5
to 7 were designated as cell-free extracts F to H, respectively, and the cell-free extracts prepared by using the trans-
formants in Comparative Examples 5 to 6 were designated as cell-free extracts I to J, respectively.)
[0127] 3-deoxyachilleol A (100mg) was mixed with Triton Tween80 (2 mg) for solubilization and then added to buffer
A (1 mL) to prepare a 3-deoxyachilleol A solution. The whole amount of the 3-deoxyachilleol A solution was added to
each of cell-free extracts F to J (4 mL) to prepare a reaction solution and incubated at 30°C, for 112 hours. The molar
ratio (substrate/enzyme) of 3-deoxyachilleol A (substrate) to the mutated tetraprenyl-β-curcumene cyclase (enzyme) in
the reaction solution was about 200.
[0128] After the incubation, 15% potassium hydroxide in methanol (6 mL) was added to the reaction solution to stop
the enzymatic reaction. Then, n-hexane (5 mL) was added to the reaction solution, and the reaction product was extracted
three times.
[0129] Ambrein production rates of the resulting extracts are shown in Figure 6. As a result, in the L596A mutant,
L596F mutant, and L596V mutant, ambrein was obtained with high conversion efficiency. In particular, in the L596Avarian
had few by-product, and 94% of the product was ambrein. On the other hand, the wild-type tetraprenyl-β-curcumene
cyclase produced little ambrain and had a high by-products ratio.
[0130] In addition, the production rate of ambrain and by-products is shown in Figure 7. 4. The reaction selectivity
from 3-deoxyachilleol A (substrate) to ambrain is improved, and thus the L596A mutant can produce ambrein efficiently.

INDUSTRIAL APPLICABILITY

[0131] According to the present invention, in the production of ambrein, it is possible to produce ambrein in one step
using squalene as a substrate by using the mutated tetraprenyl-β-curcumene cyclase. Ambrein obtained by the present
invention can be used, for example, as a raw material for production of pharmaceuticals and the like.
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Claims

1. A mutated tetraprenyl-β-curcumene cyclase wherein

(1) a 4th amino acid residue of a DXDD motif, aspartic acid, is substituted with an amino acid other than aspartic
acid, and
(2) an amino acid adjacent to the N-terminus of an (A/S/G)RX(H/N)XXP motif is substituted with an amino acid
other than tyrosine, or a 4th amino acid of the GXGX(G/A/P) motif is substituted with an amino acid other than
leucine,

(a) having a QXXXGX(W/F) motif at a position separated by 100 amino acid residues or more on the N-
terminal side, an (A/S/G)RX(H/N)XXP motif at a position separated by 180 to 250 amino acid residues on
the N-terminal side, a QXXXX(G/A/S)X(F/W/Y) motif at a position separated by 10 to 50 amino acids
residues on the N-terminal side, a QXXXGX(F/W/Y) motif at a position separated by 20 to 50 amino acid
residues on the C-terminal side, a QXXXGXW motif at a position separated by 50 to 120 amino acid residues
on the C-terminal side, a QXXXGX(F/W) motif at a position separated by 120 to 170 amino acid residues
on the C-terminal side, and a GXGX(G/A/P) motif at a position separated by 180 to 250 amino acid residues
on the C-terminal side, with respect to the DXDD motif,
(b) having 40% or more identity with the amino acid sequence of SEQ ID NO: 1, and
(c) exhibiting ambrein production activity using squalene as a substrate.

2. The mutated tetraprenyl-β-curcumene cyclase according to claim 1, not having a QXXXGXW motif at a position
separated by 170 amino acid residues or more on the C-terminal side, with respect to the DXDD motif.
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3. The mutated tetraprenyl-β-curcumene cyclase according to claim 1 or 2, wherein a polypeptide constituting the
mutated tetraprenyl-β-curcumene cyclase is

(1) a polypeptide wherein aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ
ID NO: 1 is substituted with an amino acid other than aspartic acid; and tyrosine at position 167 from the N-
terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or
leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an
amino acid other than leucine,
(2) a polypeptide wherein one or plural amino acids are deleted, substituted, inserted and/or added in the amino
acid sequence in which aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ
ID NO: 1 is substituted with an amino acid other than aspartic acid; and tyrosine at position 167 from the N-
terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or
leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an
amino acid other than leucine, and exhibiting ambrein production activity using squalene as a substrate,
(3) a polypeptide having 40% or more identity with the amino acid sequence in which aspartic acid at position
373 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other
than aspartic acid; and tyrosine at position 167 from the N-terminal in the amino acid sequence of SEQ ID NO:
1 is substituted with an amino acid other than tyrosine, or leucine at position 596 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting
ambrein production activity using squalene as a substrate,
(4) a polypeptide comprising the amino acid sequence in which aspartic acid at position 373 from the N-terminal
in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than aspartic acid; and
tyrosine at position 167 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an
amino acid other than tyrosine, or leucine at position 596 from the N-terminal in the amino acid sequence of
SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting ambrein production activity
using squalene as a substrate,
(5) a polypeptide comprising the amino acid sequence wherein one or plural amino acids are deleted, substituted,
inserted and/or added in the amino acid sequence in which aspartic acid at position 373 from the N-terminal in
the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than aspartic acid; and tyrosine
at position 167 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino
acid other than tyrosine, or leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID
NO: 1 is substituted with an amino acid other than leucine, and exhibiting ambrein production activity using
squalene as a substrate, or
(6) a polypeptide comprising an amino acid sequence having 40% or more identity with the amino acids sequence
in which aspartic acid at position 373 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is
substituted with an amino acid other than aspartic acid; and tyrosine at position 167 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than tyrosine, or leucine at position
596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other
than leucine, and exhibiting ambrein production activity using squalene as a substrate.

4. The mutated tetraprenyl-β-curcumene cyclase according to any one of claims 1 to 3, wherein the 4th amino acid
residue of a DXDD motif is substituted with cysteine or glycine from aspartic acid, and the amino acid adjacent to
the N-terminus of an (A/S/G)RX(H/N)XXP motif is substituted with alanine or glycine from tyrosine, or the 4th amino
acid of the GXGX(G/A/P) motif is substituted with alanine or phenylalanine from leucine.

5. A mutated tetraprenyl-β-curcumene cyclase having DXDD motif wherein a 4th amino acid of the GXGX(G/A/P) motif
is an amino acid other than leucine, glycine or proline,

(a) having a QXXXGX(W/F) motif at a position separated by 100 amino acid residues or more on the N-terminal
side, a QXXXX(G/A/S)X(F/W/Y) motif at a position separated by 10 to 50 amino acids residues on the N-terminal
side, a QXXXGX(F/W/Y) motif at a position separated by 20 to 50 amino acid residues on the C-terminal side,
a QXXXGXW motif at a position separated by 50 to 120 amino acid residues on the C-terminal side, a
QXXXGX(F/W) motif at a position separated by 120 to 170 amino acid residues on the C-terminal side, and a
GXGX(G/A/P) motif at a position separated by 180 to 250 amino acid residues on the C-terminal side, with
respect to the DXDD motif,
(b) having 40% or more identity with the amino acid sequence of SEQ ID NO: 1, and
(c) exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate.
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6. The mutated tetraprenyl-β-curcumene cyclase according to claim 5, not having a QXXXGXW motif at a position
separated by 170 amino acid residues or more on the C-terminal side, with respect to the DXDD motif.

7. The mutated tetraprenyl-β-curcumene cyclase according to claim 5 or 6, wherein a polypeptide constituting the
mutated tetraprenyl-β-curcumene cyclase is

(1) a polypeptide wherein leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID
NO: 1 is substituted with an amino acid other than leucine,
(2) a polypeptide wherein one or plural amino acids are deleted, substituted, inserted and/or added in the amino
acid sequence in which leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO:
1 is substituted with an amino acid other than leucine, and exhibiting ambrein production activity using 3-
deoxyachilleol A as a substrate,
(3) a polypeptide having 40% or more identity with the amino acid sequence in which leucine at position 596
from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than
leucine, and exhibiting ambrein production activity using 3-deoxyachilleol A as a substrate,
(4) a polypeptide comprising the amino acid sequence in which leucine at position 596 from the N-terminal in
the amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting
ambrein production activity using 3-deoxyachilleol A as a substrate,
(5) a polypeptide comprising the amino acid sequence wherein one or plural amino acids are deleted, substituted,
inserted and/or added in the amino acid sequence in which leucine at position 596 from the N-terminal in the
amino acid sequence of SEQ ID NO: 1 is substituted with an amino acid other than leucine, and exhibiting
ambrein production activity using 3-deoxyachilleol A as a substrate, or
(6) a polypeptide comprising an amino acid sequence having 40% or more identity with the amino acid sequence
in which leucine at position 596 from the N-terminal in the amino acid sequence of SEQ ID NO: 1 is substituted
with an amino acid other than leucine, and exhibiting ambrein production activity using 3-deoxyachilleol A as a
substrate.

8. The mutated tetraprenyl-β-curcumene cyclase according to any one of claims 5 to 7, wherein the 4th amino acid of
the GXGX(G/A/P) motif is alanine or phenylalanine.

9. A polynucleotide encoding the mutated tetraprenyl-β-curcumene cyclase according to any one of claims 1 to 8.

10. A microorganism having the polynucleotide according to claim 9.

11. A vector comprising a DNA having the polynucleotide according to claim 9.

12. A transformant having the vector according to claim 11.

13. A method for preparing ambrein characterized by bringing into contact the mutated tetraprenyl-β-curcumene cyclase
according to any one of claims 1 to 4 with squalene, to obtain ambrein.

14. A method for preparing ambrein characterized by bringing into contact the mutated tetraprenyl-β-curcumene cyclase
according to any one of claims 5 to 8 with 3-deoxyachilleol A, to obtain ambrein.

15. A method for preparing ambrein characterized by culturing the microorganism according claim 10, or the trans-
formant according to claim 12.
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